Abstract: Tsunamis have devastated coastal regions worldwide, with the most recent being the result of the Great Tohoku Japan earthquake and tsunami, which was a M9.0 undersea megathrust earthquake that occurred off the east coast of Japan on March 11, 2011. In this study, a fragility formulation is utilized to develop and illustrate the concept of community fragilities for a community subjected to a wave of a particular height because fragilities are independent of occurrence rate. The fragility formulation for single structures is explained and then extended to the community scale by assigning one of eight archetype structural models and corresponding fragility to each of the buildings in a community. One key feature of the approach is that both the earthquake and tsunami are considered in succession. Three wave forces, i.e., hydrostatic, hydrodynamic, and impulsive wave forces, and the successive hazard loadings, i.e., earthquakes and tsunamis, were considered during the analysis. While debris loading is often critical during inundation, it is not assessed here but should be eventually considered. The tsunami fragility methodology is briefly demonstrated on a single building and then extended to Cannon Beach, Oregon, as an illustrative example. The fragility approach shows that community fragilities follow a similar trend with single structure fragilities and can help with decision making for retrofit and land-use planning. The concept proposed herein can provide a framework regardless of the structural or hydrodynamic model used, provided information on the community is available and a basic understanding of the structure types can be developed.
Introduction
The understanding of tsunami generation, propagation, and inundation has improved significantly over the last 10-20 years, but there has been less progress on understanding the interaction between tsunamis and structures during overland flow and return. A method to estimate the fragility of a community located in a potential tsunami inundation zone can provide emergency planners information on the likely number of structural failures as a function of tsunami height as well as provide engineers a method for calibrating design codes based on community needs rather than just an individual building failure probability. Thus, this paper should be of interest to engineers and emergency planners with an emphasis on natural hazards. The FEMA P646 guidelines (FEMA 2008) recommend considering both the earthquake demand from shaking and the tsunami demand for the design of vertical evacuation structures in certain coastal regions such as the U.S. Pacific Northwest. While this may not be current practice in most areas, it is important to develop a better understanding of how one hazard affects the other because the hazards would typically occur rapidly in succession, i.e., without the ability to repair between loadings. Building design codes are based on load occurrence probability and resistance statistics of the components making up a building system, but tsunamis are typically not considered in design except in very rare circumstances and are not considered in woodframe design.
Clearly, the design of coastal structures in a tsunami-hazard zone should take into account loading from tsunamis if the structure is to be considered safe for use as a vertical evacuation facility. Structural damage from tsunamis is caused by water-borne debris and direct hydrostatic, and in particular hydrodynamic, forces. In this paper, only hydrostatic and hydrodynamic loads are examined, but it is noted that loads caused by water-borne debris are often critical and must eventually be taken into account as more research is performed related to their occurrence rates and mechanisms of loading on structures. Experimental and numerical studies (e.g., Neelamani et al. 1999; FEMA 2008; Wilson et al. 2009 ) or incident wave conditions (Ramsden 1996; Linton et al. 2011) demonstrate that the wave forces exerted on a structure are directly related to wave height and speed.
The ASCE Standard 7 (ASCE 2010) has proposed equations based on fluid mechanics and experimental test data. The FEMA P646 guidelines (FEMA 2008) state that tsunami wave forces should be considered for the design of coastal structures, especially vertical evacuation structures. This approach provides an equivalent force expressed as a function of tsunami inundation height. There have been many recent advances in tsunami-structure interaction models but this area of research still lags behind more established research related to wave impact on maritime offshore structures or coastal structures (e.g., Goda 2010). Thus, this study uses the formulas proposed in FEMA P646 (FEMA 2008) to compute tsunami wave forces for illustrative purposes with the caveat that they are approximations.
In earthquake engineering, probabilistic relationships between structural damage and earthquake ground motion intensity are known as fragility curves. Fragility curves describe the conditional probabilities of sustaining different degrees of damage at given levels of ground motion intensity. Thus, the development of fragility curves and damage probability matrices requires the characterization of ground motion and the identification of different degrees of structural damage. Shinozuka et al. (2000) presented a statistical analysis of structural fragility curves for both empirical and analytical approaches. They utilized bridge damage data obtained from the 1995 Kobe earthquake for constructing fragility curves. Rosowsky and Ellingwood (2002) and Ellingwood et al. (2004) developed a fragility analysis methodology for assessing the response of light-frame wood construction exposed to extreme windstorms and earthquakes. Park and van de Lindt (2009) developed a fragility formulation that provided a method to assess the seismic vulnerability of a structure using existing shake table test data. A performance-based wind engineering approach was built on the logic of the Ellingwood et al. (2004) study and was based on the fragility curves proposed by van de Lindt and Dao (2009) . Koshimura et al. (2009b) applied a fragility analysis for a tsunami hazard based on numerical simulations, observations, and data from the 2004 Indian Ocean tsunami disaster. Although the previously cited studies are just a handful of recent fragility studies, they highlight the diversity of fragility development and application.
Loading and Structural Response Modeling

Tsunami Loading
The FEMA P646 guidelines (FEMA 2008) and USGS (2011) define their own tsunami terminology qualitatively and quantitatively. Clear terminology related to tsunamis is imperative to form a clear understanding of the problem at hand. Tsunami inundation height or depth is the vertical distance between the elevation of the highest local water mark at the structure and the elevation of the ground level at the time of the tsunami. The run-up height is taken to be the vertical distance from a datum, e.g., mean sea level (MSL), to the maximum point of run-up. By definition, the inundation height is 0 at the point of maximum run-up. Also, local run-up height is introduced and defined as the run-up height at the location of the structure. Fig. 1 depicts the physical meanings of the terms used throughout this study.
The FEMA P646 guidelines (FEMA 2008) define eight different types of forces that can potentially act on a structure during a tsunami, three of which are considered for illustration herein: (1) hydrostatic forces, (2) hydrodynamic forces, and (3) impulsive forces. It should be noted that buoyancy can contribute to the uplift failure of a structure, but this study focuses on shear failure of the structure and thus neglects buoyancy. The other forces, such as debris forces, were felt to be beyond the scope of this work but the authors are aware of at least one project that is underway by other researchers to experimentally evaluate debris impact forces on columns. A hydrostatic force acts when standing or slowly moving water is against a structure and can be computed as
where r s 5 fluid density including sediment 1, 200 kg=m 3 5 2:33 slugs=ft 3 ; g 5 gravitational acceleration; B 5 width of the structure or structural component; and h 5 maximum water height, i.e., inundation height, above the base of the wall at the structure location and less than the height of the structure for this study.
It should be noted that local run-up height on a structure is not used in this study. Rather, it is assumed that the inundation on a structure is based on the maximum run-up height at the furthest point inland. Of course, it is possible to compute it accurately through detailed numerical simulation, e.g., COBRAS (Liu 2009) and FUNWAVE (Kirby 2009 ), but requires computational effort beyond the objectives of this study. Fig. 2 shows the assumed run-up height and effect on the community.
In the analysis, the tsunami is assumed to occur, although the occurrence probability is not considered, and then the tsunami run-up height is investigated for heights ranging from 0 to a specified height, i.e., 50 m for the community example herein. A coefficient of variation (COV), i.e., the ratio of standard deviation to the mean, is included in the analysis which provides the height variation to be included in the analysis. Then, the inundation height for a structure is computed from the tsunami run-up height. Fragilities are conditional on occurrence of the hazard and thus a range of tsunami run-up heights can be investigated and later coupled with the occurrence probability of a tsunami as a function of the specific location.
When water flows around a structure, the hydrodynamic force can be computed using Eq. (2) Nat. Hazards Rev. 2013.14:220-228. Downloaded from ascelibrary.org by OREGON STATE UNIVERSITY on 03/04/14. Copyright ASCE. For personal use only; all rights reserved.
where r s 5 fluid density including sediment 1,200 kg=m 3 5 2:33 slugs=ft 3 ; C d 5 drag coefficient; B 5 width of the structure in the plane normal to the direction of flow; h 5 flow depth termed tsunami inundation height for clarity this study; and u 5 flow velocity at the location of the structure.
Impulsive forces are caused by the leading edge of a surge of water impacting a structure. It is conservatively recommended that the impulsive force be taken as 1.5 times the hydrodynamic force as
Detailed explanations of these three forces can be found in FEMA P646 (FEMA 2008) . Thus, the tsunami wave force can be computed as the summation of these three forces and expressed as
where T tot 5 total tsunami wave force; F h 5 hydrostatic force; F d 5 hydrodynamic force; and F s 5 impulsive force.
Structural Modeling
To determine the effect of the earthquake and tsunami, a numerical model of a building that has the capability to degrade in both stiffness and strength is needed. The Consortium of Universities for Research in Earthquake Engineering (CUREE) model, also known as the modified Stewart model, was refined as part of the CUREE Caltech Woodframe research project and is selected for use in the current study. Initially, Folz and Filiatrault (2001) modified the exponential envelop curve used by Dolan (1989) to include hysteretic characteristics of a Stewart model (1987) . Hysteretic characteristics define a hysteresis that is used to model all or part of a building or other structure in earthquake engineering and, specifically, often allow the model to better represent damage during an earthquake. The CUREE model has been employed to simulate the shear behavior of single sheathing-to-framing fasteners in wood shear walls and an equivalent single-degree-of-freedom (SDOF) model for entire wood shear walls. A force-deformation response of a sheathing-to-framing connector has highly nonlinear behavior under monotonic and cyclic loading. Initially, as loading is increased, the connector deforms and its connection starts losing capacity because the connector gradually crushes the wood fibers. Fig. 3(a) shows the forcedeformation curve under monotonic loading. Eq. (4) presents the mathematical expression for a sheathing-to-framing connector deforming in shear, which captures the crushing between the wood framing and sheathing as well as yielding of the connector
where K 0 5 initial stiffness; P 0 5 initial force; r 1 5 secondary stiffness factor; r 2 5 tertiary stiffness factor; d u 5 ultimate displacement; and d F 5 failure displacement defined as the displacement that occurs when the connector fails.
Earthquake Loading
In an earthquake, the loading goes through full reversals, i.e., cyclic loading, and thus the connector behaves as a pinched hysteresis loop. During reversed-cyclic loading, hysteretic behavior is idealized by using a predefined set of load paths to describe loading, unloading, and reloading. Initially, the loading rules follow the monotonic backbone curve described previously. Unloading rules can be defined as piecewise linear segments using two degrading stiffnesses, r 3 K 0 and r 4 K 0 . During unloading, the connector loses partial contact with the surrounding wood due to permanent deformation caused by previous loading. Reloading after unloading exhibits a pinching stiffness K P , where the pinching force P I corresponds to 0 displacement and the reversal load path follows the unloading stiffness. The stiffness and strength degradation are defined using Eq. (5) Nat. Hazards Rev. 2013.14:220-228. Downloaded from ascelibrary.org by OREGON STATE UNIVERSITY on 03/04/14. Copyright ASCE. For personal use only; all rights reserved.
where K 0 5 initial stiffness; F 0 5 initial force; a and b 5 stiffness degradation parameters; and d UN 5 last unloading displacement. The CUREE model, depicted in Fig. 3(b) , can be defined as a function of the 10-parameter hysteretic model with loading and unloading rules.
Fragility Formulation and Application
Fragility Formulation
A fragility curve is a conditional statistical distribution that gives the probability of exceeding a specified threshold or achieving a specific condition, e.g., drift, damage, or collapse, as a function of hazard intensity. For earthquake hazard, intensity can be expressed in terms of spectral acceleration. For structures in the inundation zone, the tsunami hazard intensity can be selected based on factors such as inundation height, velocity, or a combination of parameters describing the resulting wave force (Koshimura et al. 2009a ). Moreover, the wave forces and height are clearly linked with each other. The wave height was selected as the measure of hazard intensity for the tsunami. Thus, it is proposed herein that tsunami fragility will define the conditional probability of the demand (D) of the wave forces placed upon the structure exceeding the structural capacity (C) for a given level of tsunami intensity (I) and can be expressed as
where F represents the fragility. Generally, the lognormal distribution (Shinozuka et al. 2000; Ellingwood 2001; Rosowsky and Ellingwood 2002; Koshimura et al. 2009a, b; Park and van de Lindt 2009 ) is a convenient way to express a fragility and can be expressed as
where Fð×Þ is a standard normal distribution function; x 5 spectral acceleration or tsunami wave height; m R 5 logarithmic mean; and j R 5 logarithmic standard deviation. This study focuses on the successive hazard of earthquakes and tsunamis; thus, the spectral acceleration (S a ) and tsunami inundation height (h) are selected as the x variable in Eqs. (6) or (7) for seismic and tsunami hazard, respectively.
Single Structure Fragilities
Prior to computing the collapse fragility from tsunami loading, a nonlinear time history analysis for the earthquake that may have produced the tsunami is performed. Fig. 4 provides a schematic overview of the two-stage analysis procedure used in this study, and Park et al. (2012) developed the general shape of a fragility from this two-stage analysis. The tsunami loading characterized by FEMA P646 (FEMA 2008 ) is used in the second stage of the analysis.
In this study, the issues of occurrence rate, i.e., tsunami hazard level, are not addressed. Rather, it is assumed that the tsunami occurs and the collapse probabilities are computed. Recall that this is one advantage of fragilities; namely, they are developed independently from the hazard or occurrence rate, essentially making them general and applicable to different sites provided they are eventually recoupled with the occurrence probability at a given site through convolution. Approximate tsunami wave loading can be computed using the set of force equations proposed in FEMA P646 (FEMA 2008) , as discussed earlier.
In Stage 2 of the analysis procedure, a nonlinear static pushover analysis is performed using these computed tsunami loads based on the tsunami inundation height under investigation. A nonlinear static pushover analysis is a procedure in which a horizontal load is numerically applied at the top of a building model. It is incrementally increased, and at each increment, the stiffness matrix is recomputed to account for the building damage as modeled by the hysteresis. The result is as if one is actually pushing over a building, hence the name. The computed tsunami forces are converted into an equivalent force and then applied to the SDOF system at the top of the wall. If the computed tsunami loading exceeds the structural capacity, the structure is assumed to have collapsed. The equivalent force at the top of the wall is computed using basic force equilibrium to ensure it has the same effect that the FEMA P646 (FEMA 2008) forces would impose. Park et al. (2012) provides further details.
For the seismic analysis, two seismic intensity levels described in terms of spectral acceleration, which are commonly used in design and analysis, are design basis earthquake (DBE) and maximum credible earthquake (MCE), representing 10 and 2% exceedance probabilities in 50 years, respectively (ASCE 2010). All 44 ground motions (the 22 pairs summarized in Table 1 ) were used in Stage 1 of the analysis for 44 earthquake analyses at each intensity level to represent the uncertainty in earthquake intensity. Then, using the damaged numerical model, which was numerically represented by maintaining the stiffness and strength degradation and future reloading path in the hysteretic springs, the tsunami analysis was performed to check the collapse of the structure under given inundation heights. Variation in the inundation heights was introduced by applying a range of COVs.
The tsunami inundation heights were generated in 0.1-m increments from 0.0 to 5.0 m. Each of these was treated as the mean tsunami inundation height for that analysis and the COV used to introduce dispersion about the mean. A lognormal distribution was assumed for the tsunami inundation height because lognormal distributions have been used extensively to introduce dispersion for other natural hazards and are used in fragility analysis. The COV for tsunami inundation heights was computed from the publicly accessible data described by Baldock et al. (2009) as 0.136 and is included as one of the COV values in the current study. That 13.6% variation was observed in a laboratory environment at Oregon State University where the tsunami was generated with the same input conditions to the wavemaker and the wave basin topography was nominally identical. Thus, neglecting variation in the wavemaker itself, it was assumed that when randomness in nature is introduced, the COV is larger, i.e., 13.6% is a lower bound.
The community-level example focuses on Cannon Beach, Oregon, a city in the Pacific Northwest of the United States. According to the USGS (2011), the DBE and MCE for Cannon Beach have spectral accelerations of 0.89 and 1.34g (Tn 5 0:2 s; j 5 5%), respectively. These spectral acceleration levels are specific to this latitude and longitude and would change depending on the site being investigated. In the case of Cannon Beach, the primary hazard is from the Cascadia subduction fault, which is not considered a near fault and is located off the coast in the Pacific Ocean.
A 2-story light-frame wood structure was selected as an illustrative example. Each component of the building was modeled using the 10-parameter CUREE hysteresis model described earlier. The building was one unit of a 2-story townhouse, and its total living area was approximately 167 m 2 ð1,800 ft 2 Þ, with an attached twocar garage. The exterior walls of the 2-story example structure were covered on the outside with 22:23-cm ð7=8-in.Þ-thick stucco over 11:12-cm ð7=16-in.Þ-thick oriented strand board (OSB) sheathed shear walls, and 12:7-cm ð1=2-in.Þ-thick gypsum wallboard (drywall) was on the inside. The capacity was based on that of a typical Pacific Northwest design. There are 24 wood shear walls, with 13 shear walls assigned for the first story and 11 shear walls for the second story. Each shear wall is represented by a single hysteretic spring element and provides resistance only in the shear direction, i.e., the transverse strength of the shear walls is neglected but is assumed to transfer tsunami loads to the shear walls oriented parallel to the direction of wave propagation. Fig. 5 shows the results of three analyses. Specifically, the solid line represents the resulting collapse fragility when only the tsunami (no earthquake) is considered, the dash line represents the resulting collapse fragility when the DBE level earthquake and tsunami are both considered, and the dashed-dotted line represents the resulting collapse fragility when the MCE level earthquake and tsunami are considered. From the fragility, one can read that a 1.97-m inundation height will collapse the building 50% of the time, whereas a 1.67-m inundation height will collapse the building 50% of the time if subjected to the MCE level earthquake first. While this may seem a minimal difference at first inspection, it considers the lower bound Fig. 5 . Collapse probability of 13.6% COV for x-direction impact with 2-story building coefficient of variation (COV) wave height. It should be noted that Eq. (6) was used to do a fragility analysis rather than Eq. (7). Generally, Eq. (7) is a more convenient expression than Eq. (6). However, Eq. (7) cannot express the fragility trend well when the fragility does not start at 0, e.g., the MCE level earthquake intensity is assumed to have occurred, which produces a horizontal lower tail. In Fig. 5 , the lower portion of the fragility is the earthquake sensitive section, i.e., at the MCE level, there is a 22% chance of the earthquake collapsing the building prior to the tsunami reaching the shore according to the model. Although these inundation heights are not large, the run-up height of the tsunami itself can be quite high. Regardless, the methodology for successive earthquake-tsunami analysis is one of the main focuses of this study and has applicability across a range of building materials and inundation heights.
From these basic results, one can observe that the tsunami inundation heights required to collapse a light-frame wood building decreased when the seismic intensity of the proceeding earthquake increased. The difference is not as notable as one might anticipate, but the trend is evident. The methodology presented herein could be used to statistically determine requirements for vertical evacuation structures located in regions where near-field tsunamis are a risk, such as the U.S. Pacific Northwest. At this point, the methodology presented makes it possible to extend the fragility formulation to whole communities, provided the building elevations and types are known throughout the area of interest.
Community Fragilities
In previous sections, the tsunami framework for a single structure was developed and explained in detail. The objective of this study is to present a methodology and procedure for the development of a tsunami fragility framework and its extension to a coastal community. To do this, the community can be expressed as a combination of each building; thus, community fragility can also be constructed as a weighted summation of single structure fragilities. The relationships can be expressed by introducing a summation
where F c 5 fragility for the community; F b i 5 fragility for the ith building; n 5 number of total buildings in the community; and l b i is a weighting factor defined as
where l b i 5 weighting factor for the jth building; and I b i is an importance parameter for the ith building and can be used to account for the number of people living in the buildings, the overall area of the buildings, and the importance of the building in the community, which could be used for hospitals, schools, fire stations, and police stations. Fig. 6 shows a schematic overview of the construction of the community fragilities from the combination of each single assembly.
The location of each single assembly in the community is an important factor because of the link among the tsunami wave forces, i.e., a house can have no damage from the tsunami if its location is far from the shoreline or at a high elevation. Thus, the proposed approach explained in the previous section can be applied directly to each single assembly and then individual fragilities can be obtained. Then, Eq. (8) calculates the community fragilities.
Illustrative Examples
The city of Cannon Beach along the northern Oregon coast was selected as an illustrative example and shown in Fig. 7 (City of Cannon Beach 2012). Residential structures are only considered in constructing the community fragilities for simplicity. Initially, the location of each house in Cannon Beach was computed based on a map image using the southwest corner of the boundary of the city limitation, i.e., the origin. The elevations were determined based on slope and distance from the shoreline.
In Fig. 7 , the black solid line shows the boundary of the city, and dots represent approximately 1,400 individual houses for which detailed information is provided by Park (2011) . To model the variety of house configurations in the community, three more residential houses having different floor plans are considered and analyzed using the proposed approach under the same conditions of successive earthquake and tsunami analysis. The number of shear walls in the house is based on the floor plan, and the capacities are based on typical Pacific Northwest construction. Together, this suite of archetypes was felt to provide a reasonable representation of the residential community.
House Type A is the same house that was used in the previous single structure example and is shown in Fig. 8 . Fig. 8 shows the floor plans for each of the archetypes, and Table 2 provides a summary of the details for each of these houses. Each building, i.e., the four archetype structures such as Types A, B, C, and D, could be loaded in either the narrow or broader building direction, i.e., the x-and y-directions of the house depending on the orientation of the building to the shoreline. Thus, eight different types of residential buildings were best matched to each building in the satellite images for use in the community-level fragility analysis and are shown in Table 3 .
Fragility analysis was conducted for each of these structures similar to what was presented for the 2-story house earlier. Community fragilities were then constructed for each of these structures for the two COV values for wave height, i.e., 13.6 and 50.0%. Forces are computed from the tsunami inundation heights for each structure depending on its location and elevation. Each residential building has a collapse probability that was computed from the earthquake hazard similar to an initial condition, i.e., DBE or MCE level earthquake intensity is considered. This means that the community also has a seismic collapse vulnerability, i.e., at a certain level, DBE or MCE level, earthquake occurs. Thus, the collapse probability from the earthquakes is tabulated in Table 4 for clarity. Fig. 9 (a) presents community fragilities from the combination of the single structure fragilities when a 13.6% COV is applied to generate the tsunami inundation data. The solid line represents the resulting collapse fragility when only the tsunami (no earthquake) is considered; the dashed line represents the resulting collapse fragility when the DBE level earthquake intensity and tsunami are considered; and the dashed-dotted line represents the resulting collapse fragility when the MCE level earthquake intensity and tsunami are considered in succession. From the figures, the collapse probability from the earthquake hazard can be seen at the DBE and MCE level as 2 and 20%, respectively. The interpretation of this plot is as follows: a tsunami run-up height of 10 m would result in a 34, 36, and 49% collapse probability for a situation in which there was no earthquake shaking (only a tsunami), a DBE level earthquake produced the tsunami, or a MCE level earthquake produced the tsunami, respectively.
Recall that the x-axis in the figures is the tsunami run-up and not the tsunami inundation height, and is therefore a function of the elevation of the building, not just the structural properties. The reason is that each house is subjected to a different tsunami inundation height, typically defined as the vertical distance from the mean water elevation to the bottom of the structure, which is a function of their location in the community and topography. Thus, the tsunami run-up was felt to be a more reasonable variable to express the community fragilities. Now, consider the fragilities for the same community but for a wave having a 50.0% COV, which may be more realistic based on the dearth of research on the relationship between earthquakes and the tsunamis they generate. Fig. 9(b) presents the collapse probabilities. One can see that if a tsunami is expected to be only 10 m, then the collapse probability is 32, 33, and 46% for the earthquake only, DBE level earthquake and tsunami, and MCE level earthquake and tsunami, respectively. In general, the overall collapse probability is not sensitive to the run-up COV except as the run-up becomes large.
Summary and Conclusion
Single structure fragilities were obtained by subjecting a structure to a suite of earthquake ground motions. After each motion, the numerically damaged structural model was subjected to nonlinear pushover analysis with equivalent tsunami wave loading. The approach was then extended to the community level, i.e., the community fragility was constructed as a weighted summation of the single structure fragilities. Both the single structure cases and the community analyses were presented in terms of fragilities as a function of the parent earthquake intensity level and tsunami run-up height. The development of collapse fragility curves for subsequent earthquake and tsunami load can provide information needed to assess the vulnerability of the structures and community in nearfield regions. It is these near-field regions that are (1) prone to ground shaking and (2) have insufficient tsunami warning time for evacuation because of the proximity of the offshore fault. The intent was that the concept proposed herein can provide a framework regardless of the structural or hydrodynamic model used, provided information on the community is available and a basic understanding of the structure types can be developed. The community fragility methodology can be applied by city and regional planners to determine where to focus limited financial resources for hazard mitigation.
